Powder fluidity is one of the important factors affecting the smoothness of selective laser sintered parts and the mechanical properties of sintered parts. In this paper, the angle of repose (AOR) and angle of internal friction of nylon PA3200 powder were measured by a powder comprehensive tester and a direct shear tester to evaluate the flow properties of the powder particles. Based on the discrete element method (DEM), the rolling resistance contact model and the van der Waals force model were used to describe the interaction forces between the powder particles. e rolling resistance coefficient and friction coefficient within the contact model were calibrated by the results of the AOR experiments. Based on the orthogonal experimental method, the particle size and particle size distribution (PSD) (such as uniform distribution and Gaussian distribution) were selected as the influencing factors, and the effect of particle size and PSD on the fluidity of nylon PA3200 powder was studied by numerical simulation. e results show that the PSD has a stronger influence on the AOR than particle size, and the fluidity of uniform distribution is better than that of the Gaussian distribution.
Introduction
Selective laser sintering (SLS) is a rapid prototyping technology based on the principle of additive manufacturing, which makes parts by layering the powder and scanning sintering layer by layer. e study of powder fluidity is the most basic content in powder engineering and is also an important part of SLS forming research [1] . Before the process of laser scanning sintering, the powder paving process is very important to the manufacturing process of SLS, as shown in Figure 1 . Bad powder fluidity will lead to problems of poor spreading performance of the powder during the laying process, uneven density distribution of the powder layer, and warping and holes of the sintering layer during sintering, and finally the size accuracy and mechanical properties of the sintered parts cannot meet the predetermined requirements. On the contrary, the better the fluidity of the powder is, the better its spreading performance and subsequent sintering quality are. Hence, it is important to study the flow abilities of the powder for the SLS process.
Powder fluidity has an obvious multiscale effect [2] , which is closely related to powder physical property parameters (such as particle size, density, and particle shape). e friction of adhesion between particles, van der Waals force, electrostatic force, and other factors hinder the free flow of particles and affect the fluidity of powder. Yang and Evans [3] studied the effects of sphericity and particle size on the fluidity of the powder. e results show that the higher the sphericity in the powder, the better the fluidity, and the larger size particle has a better fluidity than the smaller one. Goh et al. [4] compared the powder flow parameters with the particle size and shape. ey found that the smallest fraction of particle size has an important influence on most of the flow parameters because of its cohesiveness, while the particle shape was important for flow parameters which were more sensitive to interparticulate friction. Zhang et al. [5, 6] studied the correlation of supercritical water (SCW) from the aspect ratio of the ellipsoid, showing that particle shape has a great influence on the research results. Wei et al. [7] demonstrated that shape has a certain influence on the stability of filling structure of particles and the uniformity of pore distribution. Dai et al. [8] found that the sliding friction, rolling friction, and PSD all have a strong influence on the structural characteristics of the repose angle of sand piles. Macías-García et al. [9] proposed a Rosin-Rammler distribution for describing the PSD based on probability and statistical theory and obtained the uniformity coefficient to describe the size distribution range of powder. Fitzpatrick et al. [10] have found that the smaller the powder particles, the worse the fluidity. ey found the reason is that as the size of the particle becomes smaller and the specific surface area was increased, the viscous force between the particles becomes larger to prevent the flow of the powder. Yu et al. [11] found a certain relationship between the deposition state of the powder and the interaction between the particles and the particle size. Amorós et al. [12] studied the monodisperse quartz sand with different PSDs as materials to test the relationship between particles, particle size, and bed tightness, and the results showed that the cohesive force increases with the increase of the tightness and the decrease of the particle size. Wang et al. [13] measured the AOR of coal powder with different particle sizes by three methods, and the results showed that when the particle size was larger than a certain critical size, the fluidity was better with the increase of the particle size of pulverized coal; when it was smaller than the critical size, the situation would be opposite. Al-Hashemi and Al-Amoudi [14] showed that the AOR of particles is an important parameter to understand the microscopic behavior of granular materials and to relate them to macroscopic behavior.
It can be seen from the above studies that the physical parameters of powders have an important influence on the fluidity of powders, and the modification of powders can improve the fluidity of powders to a certain extent. However, there are few studies on the fluidity of nylon PA3200 powder used in SLS process, and most of the powder fluidity is in the observation stage of the test phenomenon. In this paper, nylon PA3200 powder was taken as the research object and a series of experiments and numerical simulations were used to study the influencing factors of nylon PA3200 powder flow performance. e effects of physical properties of nylon PA3200 powder on its fluidity were studied.
Characterization and Experiment of Powders
e particle size and surface morphology of the powder have a great influence on the microscopic force of the powder. erefore, the particle size test and surface topography of the nylon PA3200 powder are required. e nylon powder materials used in the experimental study were produced by Hunan Farsoon High-Technology Co., Ltd., China.
Particle Size Measurement.
In this paper, the particle size of nylon PA3200 powder was tested by a laser particle size analyzer (Mastersizer 2000, Malvern, UK). e PSD results as shown in Figure 2 were obtained. It can be seen from the figure that the PSD of nylon PA3200 powder is in the range of 20-120 μm, and it is normally distributed. e measurement results show that D90 is 90 μm, D50 is 49.5 μm, and D10 is 25.6 μm (D90, D50, and D10 represent a cumulative distribution curve; distribution of the powder was 90%, 50%, and 10% of the equivalent diameter, respectively).
Observation of Surface Topography.
e microscopic morphology of nylon PA3200 powder was observed by ultradepth of field microscope (VHX-2000c, Keyence, Japan). As shown in Figure 3 , it can be seen that most powder morphologies are approximately spherical with a certain degree of agglomeration. Referring to this microscopic morphology, a spherical model was used to simulate nylon PA3200 powder.
Powder Fluidity Experiment.
e powder is a collection of particles in a discrete state. However, there is no clear definition of the fluidity of the powder, and there is no uniform measurement method. Most of the existing research studies describe the flow properties of the powder through macroscopic accumulation and flow experiments, such as the AOR method [15] , the Hausner index method [16] , the Carr flow index method [17] , and the uniaxial compression test [18] . e parameters characterized generally include the AOR, the internal friction of angle, and the cohesion. is paper mainly measures the AOR, angle of internal friction, and coefficient of internal friction.
Measurement of the AOR.
e AOR refers to the angle between the powder stacking slope and the bottom horizontal plane in a static equilibrium state. It is formed by a specific way to naturally drop the powder onto a specific platform. e schematic diagram is shown in Figure 4 . In general, the smaller the AOR is, the smaller the friction between the powders is, and the better the fluidity of the powder is. In this paper, the powder angle comprehensive tester (BT-1000, Dandong Baite Instrument Co., Ltd., China) was used to determine the AOR for nylon PA3200 powder. Since the AOR measured by different positions of the nylon PA3200 powder pile may be different, the angles of repose under three different positions of the pile (such as 0°, 120°, and 240°) were measured in each set of experiments to reduce the experimental error. e average value of the AOR was computed, as shown in Table 1 , and the average AOR is 35.49°.
Measurement of the Friction Angle and Internal
Friction Coefficient of the Powder. In this paper, the straincontrolled direct shear instrument (ZJ, Nanjing Soil Instrument Factory, China) was used to determine the internal friction angle and internal friction coefficient of nylon PA3200 powder. According to the test method of the shear instrument using the Jenike method [19] , as shown in Figure 5 , nylon PA3200 powders were shear tested under four different vertical pressures, which were 100 kPa, 200 kPa, 300 kPa, and 400 kPa, respectively. e working principle is that the powder was placed in the shear box, and then a certain vertical pressure was applied to the powder, and then a horizontal thrust was applied to the shear box Figure 2 : PSD measurement results. e black curve represents the percentage of particles of different particle sizes to the total volume, and the blue curve represents the cumulative volume percentage of particles. below, making the powder shear displacement along the horizontal contact surface of the upper and lower boxes. In the process of shearing, the shear stress on the cross section of the powder can be calculated by measuring the horizontal thrust applied at every fixed time, that is, the increment of shear deformation at every fixed value. Determine the corresponding internal friction angle φ to characterize the powder flow properties. e shear force τ of the specimen when the shear failure occurs can be calculated as follows:
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where C is the force ring coefficient (kPa/0.01 mm) and R is the dynamometer reading (0.01 mm). Figure 6 (a) shows the relationship between shear stress and shear displacement of nylon PA3200 powder. As the shear displacement increases, the shear force tends to be stable, indicating that the powder has undergone shear failure. Extracting the maximum shear forces S 1 , S 2 , S 3 , and S 4 at the time of shear failure, and the shear strength and vertical pressure relationship curves are shown in Figure 6 (b). e equation can be obtained by fitting the curve as follows:
where μ is the internal friction coefficient and σ and α are the constant parameters obtained by fitting the curve. e internal friction coefficient and the friction angle were calculated to be 0.50 and 26.57°, respectively. rough the above experiments, the macroscopic characteristic parameters of nylon PA3200 powder were determined, as shown in Table 2 .
DEM Contact Model
e discrete element method (DEM) was first proposed by Cundall and Strack [20] in the later 1970s. Based on Newton's second law of motion, this method predicts particle swarm behavior by calculating the interaction and relative motion between particles at each moment [21] and was first used in the analysis of rock mechanics problems. e basic idea of the DEM is to separate the discontinuous body into a set of rigid elements so that each rigid element satisfies the equation of motion and solve the equation of motion of each rigid element by a time-step iterative method to obtain the overall motion form of the discontinuous body. e macroscopic mechanical behavior of the material is achieved by the constitutive model of each contact. erefore, the selection of the contact model is crucial for the establishment of the DEM model. is section introduces the contact force model of nylon PA3200 powder.
In DEM, each particle is tracked and its motion is governed by Newton's second law [22] :
rotational motion:
where i(� 1, 2, 3) denotes the x, y, and z coordinate directions, respectively; F i is the out-of-balance force component of the particle; V i is the translational velocity; m is the mass of the particle; M i is the out-of-balance moment due to the contacts; i is the rotational velocity; I is the rotational inertia of the particle; β g is the global damping coefficient; and dt is the time step.
3.1. van der Waals Force. Generally, the particles are devoid of polarity. However, due to the electronic movement of the molecules or atoms that make up the particles, particularly the molecules and atoms on the surface of the particles, the particles will have an instantaneous dipole. When the two particles are in close contact with each other, due to the action of the instantaneous dipole, the two particles will exert a mutual attraction force called van der Waals force between the particles. e nylon PA3200 powder used for sintering has a smaller particle size, and the force between the particles and the particles is far greater than the gravity, so the van der Waals force between the particles should be considered [23] .
Hamaker [24] uses the principle of attraction potential and energy superposition of London-van der Waals to solve the gravitational potential between fine particles or between fine particles and walls by integration. It is shown as follows:
where the subscript pp represents particles; subscripts 1 and 2 represent particle 1 and particle 2, respectively; ρ 1 and ρ 2 are the density of two particles (kg/m 3 ); and U mm is the total potential energy of the gravitational interaction between the molecules. By integrating the above equation, the gravitational potential energy between particles can be obtained:
where d 1 and d 2 are the diameters of the two particles (m); Z 0 is the distance between the particles (m); and Q is the Hamaker constant (eV). e attraction between particle 1 and particle 2, also the van der Waals force between particles, is
where the minus sign represents gravity and the negative sign is removed for convenience in the subsequent discussion.
When the particles are in contact with the plane, due to d 2 → ∞, the van der Waals force between the particles and the plane is
where d is the diameter of the particle. When the particle diameters of the two particles in contact with each other are equal, the van der Waals force between the particles is
Rolling Resistance Contact
Model. Due to the certain agglomeration of nylon PA3200 powder, the rolling resistance contact model which is suitable for viscous materials and irregular granular materials was selected in this paper to describe the interaction between particles [25] [26] [27] . e rolling resistance contact model between particle-particle and particle-wall is shown in Figures 7 and 8 , respectively. e total rolling resistance torque relationship of the contact model is as follows:
where M k r is the spring torque and M d r is the viscous damping torque. e spring torque can be calculated as follows:
where k r is the rolling resistance stiffness, R is the contact effective radius, and Δθ r is the relative bend-rotation increment.
e magnitude of the updated rolling resistance moment is then checked against a threshold limit:
e limiting torque is defined as
where M k r is the conditional torque, μ r is the rolling friction coefficient, and F n is the normal force. e relationship between the viscous rolling resistance coefficients can be expressed as
where η r is the rolling viscous damping ratio and C crit r is the rolling critical viscous damping constant.P Mathematical Problems in Engineering 5
where I r is the equivalent rotational inertia of the contact point between two particles.
where I 1 and I 2 are the rotational inertia of particles 1 and 2, respectively; m 1 and m 2 are the mass for particles 1 and 2, respectively. Based on the selection of the rolling resistance contact model in the PFC software, the Fish contact function was used to add a van der Waals force into the particle's contact.
DEM Simulation

Parameter Calibration of Nylon PA3200 Powder Contact
Model. In this paper, the PFC software is used to model the entire AOR angle by adjusting various parameters [28] to obtain the characteristics of the AOR. Firstly, the microscopic parameters of rolling resistance contact model are initially assigned, and then a large number of debugging operations are performed on the different values of each parameter. e macroscopic physical and mechanical properties obtained by the AOR experiment are compared with the experimental results. In this process, several model parameters are involved, such as friction coefficient, stiffness ratio, porosity, and effective modulus. e specific physical and mechanical properties can be obtained when any set of parameters is selected from a given model, and the microscopic parameters of the DEM used are reasonably selected according to the degree of coincidence. It can be seen from Figure 2 that the powder has an irregular Gaussian distribution. However, the Gaussian distribution command in PFC simulation is regular. In order to be close to the actual situation, the particle size of the simulation experiment in this paper is set as 20 to 100 μm. e common AOR model includes the cylinder model, the funnel model, and L-box model [29] . In this paper, the cylinder model is used to study the AOR of nylon PA3200 powder. To reduce the scale of calculation, this paper selects an axial section plane of the cylinder body for two-dimensional simulation, as shown in Figure 9 . In Figure 9 , D is the diameter of the cylinder, H is the height of the cylinder, L is the diameter of the bottom plate, and V is the lifting speed of the cylinder.
In previous studies, there is usually a requirement for the cross-sectional dimension, that is, the diameter of the cylinder should be selected to be more than 4 times the maximum particle size of the particle, and the height is 3 times the diameter of the cylinder. erefore, in the subsequent numerical simulation, the diameter of the cylinder D, the height of the cylinder H, and the diameter of the bottom plate L were selected to be 2 mm, 6 mm, and 4 mm, respectively, as the cylindrical model size value. When simulating the fluidity of the powder, a certain amount of particles was generated in the cylinder, and then the cylinder was lifted at a speed of 6 mm/s, and the particles were piled up to form a certain angle. Finally, the program of Fish was written in the PFC software to calculate the position coordinates of the outermost particles and draw the contour curve of the outer particles. e contour curve formed by the particles is used to find the AOR. Figure 10 is a plot of the AOR.
Based on the AOR model, the rolling resistance coefficient between nylon PA3200 powder is continuously changed based on the initial value. e simulation results are shown in Table 3 , and the outer surface contour curves of particle accumulation under different the rolling resistance coefficients are obtained as shown in Figure 11 (a). It should be noted that the parameter change is adjusted based on the preliminary assignment. If the simulation result of the initial assignment differs greatly from the experimental result, the selection of the parameter range is expanded. On the contrary, the nearest selection approximates the experimental value. e AOR of the different curves in Figure 11(a) is extracted, and the AOR shown in Figure 11 (b) is obtained. It can be seen that as the rolling resistance coefficient increases, the AOR increases. It can be seen from Table 3 that when the rolling resistance coefficient is 0.5, the AOR of the numerical simulation is 35.3°, which is close to the experimental value of 35.49°. is is because the increase in the rolling resistance coefficient makes the free flow between particles to overcome greater resistance. erefore, the rolling resistance coefficient in the simulation is set to 0.5.
For particle model tests, the friction coefficient between particles is a vital factor. On the basis of the initial value, the friction coefficient between nylon PA3200 powders was changed constantly. e simulation results are shown in Table 4 . e influence of the friction coefficient between the particles on the macroscopic AOR is shown in Figure 12 .
It can be seen from Figure 12 that the AOR increases from the increase in the friction coefficient. is is because the friction coefficient increases resulting in an increase in the frictional resistance of the particles, and slippage between the particles is more difficult. According to Table 4 , when the friction coefficient is set to 0.5, the numerical simulation results that the AOR 35.28°is closer to the experimental value of 35.32°, so the value of 0.5 is selected as the friction coefficient in the simulation. Mathematical Problems in Engineering macroscopic properties, combined with the actual results of the AOR experiment, the microscopic parameters of the model were calibrated, and the results of the experiment and simulation are shown in Table 5 .
Analysis and Discussion
Orthogonal Experiment Design.
Orthogonal experiment design is a multifactor experimental design method based on the probability theory and mathematical statistics [30] . e orthogonal experiment can be used to obtain the optimal combination level and further to analyze the influencing factors. In this paper, the AOR model used in the previous calibration of microscopic parameters was used to study the factors affecting the fluidity of the powder. As shown in Table 6 , the factors of orthogonal experiment design are particle size range (A) and the distribution type (B). e particle size is taken at four levels, which are 20-40 μm, 40-60 μm, 60-80 μm, and 80-100 μm, respectively. e distribution type is taken at two levels, which are the uniform distribution and Gaussian distribution, respectively. A L 8 (4 × 2 1 ) orthogonal table was selected to carry out a twofactor mixed horizontal orthogonal experiment, as shown in Table 7 . Figure 10 : AOR accumulation. 
Range Analysis.
e range analysis is one of the commonly used methods of orthogonal design, which is easy to understand and find the optimal level and optimal combination of primary and secondary factors of the test to meet the requirements of the general test quickly. A range analysis includes two critical parameters K ji and R j . K ji is the average value of the test indicators corresponding to the level i of column j, and R j is the difference between the maximum value and the minimum value of the average index value at each level of column j, which is the range of column j. e larger R j , the greater the influence of this factor of the test indicators. e equations for calculating K ji and R j are shown below:
where i is the level number (i � 1, 2, 3, 4), j is the factor notation (A, B), y ji is one result value for factor j at level i, and N i is the total number of levels. According to the orthogonal experimental design scheme, the results from the above numerical simulation conditions are shown in Table 8 . It can be known that the difference between the two columns is different, indicating that the different levels of each factor have different effects on the AOR. e result is R A > R B , and it can be known that the particle size range A has a greater influence on the AOR than the distribution type B.
Analysis of Variance.
Analysis of variance is a standard statistical technique used to determine the extent of influence, estimate the confidence level of the influence, and evaluate the experimental errors. In the analysis of variance, an F value of each factor represents the ratio of the sum of the square of each factor's average deviation from that of the experimental error. e calculation of the F value demands the sum of square deviation from each factor (SS j ), the total sum of the squared deviation (SS T ), the degree of freedom of the factor j (f ), and the total degree of freedom of the experiments (f T ). f j is equal to the number of levels of factor j minus 1 while f T is the total number of experiments minus 1.
us, the degree of freedom of the experimental error f e is the difference between f T and the sum of the f of all the factors.
SS j of the factor j and SS T are calculated using the following equations:
where n is the number of levels of factor j; m is the number of factors; and Y i is the value of the result of the level i. e results of the analysis of variance are shown in Table 9 . e F value is compared to the value of F α (f, f e ), which indicates the threshold F values with the risk level α (confidence level � 1 − α), where f and f e are the degrees of freedom associated to the numerator and denominator, respectively. In this study, the factor A is F α (3, 4) and factor B is F α (1, 6) . By referring to the distribution table of the F value, the significance level is selected, and the corresponding critical value is found for comparison to determine whether the factor has a significant degree of influence. For factor A, F 0.05 (3, 4) � 6.59, F 0.1 (3, 4) � 4.19, and F 0.1 (3, 4) < F A < F 0.05 (3, 4) , and then factor A is significant at the level of α � 0.1 and has a significant influence. For factor B, F 0.25 (1, 6) � 1.62, and F B < F 0.25 (1, 6) indicates that the influence of factors is not significant. erefore, the results of the analysis of variance are consistent with the range analysis, and the particle size has a greater influence on the AOR than the distribution type. 
Conclusions
In this paper, an experimental and numerical simulation study was carried out on the powder fluidity affecting the powder paving quality during the selective laser sintering of nylon PA3200 powder. e related studies were carried out from the PSD range and the distribution type, and the main conclusions are shown below:
(1) e AOR, angle of internal friction, and the friction coefficient of nylon PA3200 were obtained by the experimental method. e rolling resistance coefficient and friction coefficient within the contact model were calibrated by the results of the AOR experiments. (2) Based on simulation of a series of different parameters (such as particle size and PSD) in combination with the orthogonal experimental method, it can be seen that the PSD has a stronger influence on the AOR than particle size, and the fluidity of uniform distribution is better than that of the Gaussian distribution.
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